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THE VITAMIN A METABOLITE retinoic acid plays a number of important roles in the central nervous system (CNS). For example, it is necessary during both development and regeneration of the nervous system, where it can induce and enhance neurite outgrowth (Hunter et al. 1991; Corcoran et al. 2002; Maden and Hind 2003: Dmetrichuk et al. 2005) . In the adult brain, retinoic acid appears to be important in cognitive processes (Mey and McCaffery 2004) , and a reduction in retinoid signaling has been shown to impair learning and memory (Cocco et al. 2002; Wietrzych et al. 2005) and reduce the expression of long-term potentiation (LTP) and long-term depression (LTD) in the hippocampus (Chiang et al. 1998; Misner et al. 2001) .
Most studies looking at the role of retinoic acid in development, regeneration, and synaptic plasticity have focused on the genomic, transcriptional effects of retinoic acid. Classically, retinoic acid acts at nuclear hormone receptors, the retinoic acid receptors (RARs) and retinoid X receptors (RXRs), which act as transcription factors to affect gene expression. More recently, however, a number of nongenomic actions of retinoic acid have been reported, including the ability to produce growth cone attraction of regenerating molluscan neurites (Farrar et al. 2009 ), increases in spontaneous neurotransmitter release from developing motorneurons (Liao et al. 2004) , as well as the ability to exert translational control over dendritic glutamate receptor subunits (Poon and Chen 2008) . Such studies provide compelling evidence that retinoic acid may exert effects in the brain that are independent of its classical transcriptional role.
The electrical firing activity of neurons is one aspect of neuronal functioning that is strongly linked to developmental (Hanson and Landmesser 2004) and regenerative processes (Al-Majed et al. 2000) . For example, neurite extension (McCobb et al. 1988) , dendritic branching (Hocking et al. 2012) , growth cone motility (Ibarretxe et al. 2007) , and growth cone responses to external guidance cues (Ming et al. 2001) can all be modulated by changes in neuronal activity. Electrical activity is believed to be critical for proper axon guidance and thus appropriate target selection during development (McFarlane and Pollock 2000; Catalano and Schatz 1998; Hanson and Landmesser 2004; Katz and Shatz 1996) , and it is well established that neuronal activity plays a pivotal role in changing synaptic connections (LTP/LTD) and network properties in the mature brain. Given the strong dependence of retinoic acidregulated neuronal processes (such as neurite outgrowth, development, and regeneration) on electrical activity, it is perhaps surprising that few to no studies have ever determined whether retinoic acid has the ability to modify the electrical properties of mature neurons.
The main aim of this study was to determine whether acute application of retinoic acid could affect the electrical properties of adult, regeneration-capable neurons in cell culture. To this end, we utilized the large, identifiable neurons of the mollusc Lymnaea stagnalis. We have previously shown that the CNS and hemolymph of Lymnaea contains retinoic acid (Dmetrichuk et al. 2008) and that retinoic acid acts in a similar manner on Lymnaea neurons as in vertebrates, namely to induce and enhance neurite outgrowth during regeneration (Dmetrichuk et al. 2006 (Dmetrichuk et al. , 2008 . Furthermore, the Lymnaea CNS contains both the synthesizing enzyme retinaldehyde dehydrogenase (RALDH; Genbank Accession No. FJ539101) and degrading enzyme (Cyp26: Genbank Accession No. KF669878) for retinoic acid, as well as both a RXR (Carter et al. 2010) and RAR (Genbank Accession No. GU932671) . In this study, we utilized identified peptidergic visceral F (VF) neurons, known from our previous studies to regenerate in response to retinoic acid (Dmetrichuk et al. 2006 (Dmetrichuk et al. , 2008 . We also utilized a single giant dopaminergic neuron, right pedal dorsal 1 (RPeD1) (Magoski et al. 1995) , as there have been numerous links between retinoic acid and dopaminergic neurons in the brain (Krezel et al. 1998; Katsuki et al. 2009 ). Our results show that retinoic acid exerted doseand isomer-dependent effects on the firing properties of both dopaminergic RPeD1 cells as well as peptidergic VF cells, and we provide evidence that at least some of these effects are blocked using a RXR pan-antagonist. This study sheds new light on potential electrophysiological actions of retinoic acid, and the possibility that at higher concentrations (possibly existing in localized microdomains of the nervous system) retinoic acid may have substantial effects on the firing properties of neuronal cells or axonal processes.
MATERIALS AND METHODS
Cell culture. Laboratory-reared L. stagnalis were housed in artificial pond water and fed lettuce and Spirulina fish food (Nutrafin Max Spirulina Flakes for Fish). Cell culture techniques were performed as described previously (Dmetrichuk et al. 2006) . Briefly, animals were anesthetized, and the central ring ganglia were removed and bathed in antibiotic saline containing 225 g/ml gentamycin. Ganglia were then trypsinized [2 mg/ml defined medium (DM)] for 19 min and pinned out in high osmolarity DM (GIBCO Leibovitz's L-15 medium), and the outer sheath of the ganglia was removed. The inner sheath encapsulating the ganglia was then removed, and the somata of identified VF or RPeD1 neurons were individually removed from the ganglia via suction with a fire-polished pipette. There is only one RPeD1 neuron in each Lymnaea CNS, whereas a cluster of at least eight VF neurons is present in each CNS. Between five and eight neurons were plated per dish. Culture dishes were coated with poly-L-lysine and contained 3 ml of DM (unless stated otherwise), and cells were incubated at 21°C overnight. Conditioned medium (CM) was made by incubating 12 CNS in 7 ml of DM for three 3-day periods for a total of 9 days. Such incubations have been shown previously to allow the release of trophic factors (from the CNS into the medium) that support neurite outgrowth (Wong et al. 1981) .
Electrophysiology. Glass electrodes ranging in resistance from 20 to 40 M⍀ were pulled using a Kopf pipette puller (model 730; David Kopf Instruments) and backfilled with a saturated potassium sulphate solution. Recordings were made using an intracellular recording amplifier (NeuroData IR283A; Cygnus Technology) and a Powerlab 4sp data acquisition system running Chart v4.2 (AD Instruments). In vitro recordings were made from individual neurons after ϳ18 to 24 h in culture. Cell activity was recorded in DM for ϳ10 min before the addition of either retinoids or ethanol (EtOH; vehicle control). The resting membrane potential and firing activity of the cell were then recorded for a further 60 min in the continued presence of the retinoid (or EtOH). At 2.5, 15, 35, 50, and 60 min, the membrane potential was manipulated (using depolarizing current injection) to reach firing threshold and allow the cell to fire 5-10 action potentials at a frequency of ϳ1 Hz or less. Following this, the neuron was briefly depolarized further to induce a brief, rapid firing response for ϳ20 s. Current injection was then stopped, and the membrane potential was allowed to return to its resting value until the next time point. The input resistance of cultured neurons was measured by five stepwise injections of hyperpolarizing current, ranging from 50 to 250 pA, in 50-pA steps. Input resistance measurements were taken immediately before and 1 h after addition of retinoic acid or EtOH.
Chemicals. All chemicals were purchased from Sigma-Aldrich unless otherwise stated. All-trans retinoic acid (atRA) and 9-cis retinoic acid working stocks (10 mM) were made fresh daily. Retinoid receptor antagonists LE540 and HX531 were a kind gift from Dr. H. Kagechika (University of Tokyo, Tokyo, Japan).
Spike waveform analysis.
Firing activity was analyzed qualitatively, and single action potential waveforms were analyzed quantitatively, both before and at various time points after retinoic acid exposure. Chart software (version 4.2; AD Instruments) was used to analyze components of the spike waveform. At each time point, three individual action potentials were analyzed, and the data were averaged as representative examples for each firing characteristic. Due to the presence of frequency-dependent spike broadening in molluscan neurons, only initial spikes in a spike train, and those firing 1 Hz or less, were used for analysis. Rise time is defined as the time taken for the spike to change amplitude from 10 to 80% on the leading edge of the action potential. Decay time is defined as the time taken for the spike amplitude to change from 10 to 90% on the falling phase of the action potential. The half-amplitude duration is the duration of the spike at the midpoint of the leading and falling edges of the action potential.
CNS isolation and nerve-crush injury. All procedures and equipment used were identical to those described above for cell culture, unless otherwise stated. CNS were dissected from the animal and then were either immediately subjected to nerve crush injuries or left uninjured as a control. Specifically, a nerve crush was induced between the left parietal and visceral ganglia to crush the axons of VF neurons, which project into the intestinal, left parietal, and median inferior pedal nerves (Syed and Winlow 1991) . CNS were bathed in saline, and intracellular electrophysiological recordings were conducted from VF neurons either shortly after the nerve crush injury or 24 h after injury (CNS left for 24 h were incubated in DM). Recordings were made for 10 min before and up to 1 h after exposure to either 10 M atRA or EtOH (vehicle).
Statistical analysis. For experiments conducted in cultured neurons, differences between groups at specific time points were determined using a one-way ANOVA on data normalized to preexposure values for the same cells. Baseline (preexposure) values were set at 100% for all data (unless stated otherwise). If significant differences were found (P Ͻ 0.05), a Tukey-Kramer post hoc test was performed. Any data that did not meet the assumptions of the ANOVA were either log or reciprocally transformed before further analysis. In the event that data did not meet normality conditions, a one-way Kruskal-Wallis ANOVA on ranks was performed followed by a Dunn's post hoc test. The presence or absence of atypical impulse activity was analyzed using Fisher's exact test, and the data were then Bonferroni-Holm corrected. All values are expressed as means Ϯ SE, unless otherwise stated. For experiments studying changes in firing properties in injured vs. noninjured CNS, differences between retinoic acidand EtOH-exposed CNS preparations were determined by using a t-test within each crush condition.
RESULTS
Acute retinoic acid exposure induces changes in firing of an identified dopaminergic neuron. It has previously been shown that retinoic acid exerts neuroprotective effects on dopaminergic neurons in the brain (Katsuki et al. 2009 ), and so to investigate any acute effects of this molecule on neuronal firing properties, we first utilized the identified giant dopaminergic neuron RPeD1 from the CNS of Lymnaea. Individual dopaminergic neurons were plated in cell culture and the following day were tested for any changes in their electrophysiological properties to applied atRA. Intracellular recordings were made from each identified cell for 10 min before and for up to 1 h in the continued presence of atRA (or 0.1% EtOH as the vehicle control). Interestingly, nearly half of the neurons tested (n ϭ 4 of 9) displayed changes in their firing properties in the presence of 10 M atRA, whereas none of the control dopaminergic neurons exposed to the vehicle EtOH (n ϭ 0 of 7) displayed any such changes in firing patterns. Figure 1A shows a typical example of an RPeD1 cell firing tonically. By 45 min after atRA application, the cell fired bursts of action potentials in a rhythmic manner. Other RPeD1 cells showed spike broadening and/or displayed plateau potentials. In addition to alterations in spiking patterns, atRA later caused cell silencing. The number of RPeD1 neurons unable to fire spontaneous or induced action potentials during 10 M atRA exposure (5 of 9 cells) was significantly greater at 35 min (P Ͻ 0.05) than RPeD1 cells exposed to EtOH (0 of 7 were silenced), which continued to fire action potentials for the full duration of the recordings (Fig.  1C) . Representative examples of atRA-exposed cells either firing (Bi) or unable to fire (Bii), in response to current injection at 60 min, are shown in Fig. 1B .
The resting membrane potential (RMP) was measured 1 h after exposure to atRA or vehicle (EtOH). RPeD1 neurons exposed to either atRA or EtOH were found to have similar RMPs before their respective treatment (atRA: Ϫ65 Ϯ 5 mV; EtOH: Ϫ65 Ϯ 5 mV; n ϭ 6 for both groups). However, after 1 h of exposure to atRA, the RMP hyperpolarized to Ϫ70 Ϯ 3 mV whereas in EtOH, the RMP depolarized to Ϫ56 Ϯ 4 mV (P Ͻ 0.04). While hyperpolarization of the RMP may have contributed to the decreased ability of atRA-exposed neurons to fire spontaneous action potentials, it is unlikely that this hyperpolarization alone accounted for the inability to induce action potentials following depolarizing stimuli.
Retinoic acid produces changes in firing activity and cell silencing in peptidergic neurons. In the next series of experiments, a group of peptidergic neurons known as the VF group, were utilized to determine whether the above changes in firing properties could also be observed in another cell type. VF neurons exposed to atRA also displayed spike broadening ( Fig. 2A) , as well as a number of firing patterns not observed under control conditions. Such firing patterns included spike doublets ( Fig. 2Bii ), triplets ( Fig. 2Biii ), bursts (Fig. 2Biv ), and extended plateau potentials ( Fig. 2Bv ), cumulatively classified here as "atypical firing activity." Approximately 57% (n ϭ 16/28) of VF neurons exposed to atRA, but only 4% (n ϭ 1/25) of control cells exposed to EtOH, displayed these atypical firing patterns over the duration of the 60-min recordings.
While the shape of single action potentials and the firing behavior of neurons were altered within 15 min of exposure to atRA (as in Fig. 2A ), ϳ73% of VF neurons were unable to fire spontaneous or induced action potentials by 35 min after exposure to 10 M atRA. By 1 h, nearly all VF (n ϭ 21/22) neurons were unable to fire, whereas VF cells exposed to EtOH (vehicle) continued to fire action potentials for the full duration of the recordings (n ϭ 22/22). As seen with the RPeD1 neurons, VF neurons also became hyperpolarized following exposure to atRA (before: Ϫ67 Ϯ 4 mV; after: Ϫ74 Ϯ 3 mV; n ϭ 23) but not after exposure to EtOH alone (before: Ϫ64 Ϯ 4 mV; after: Ϫ58 Ϯ 3 mV; n ϭ 19; P Ͻ 0.02, t-test). These data demonstrate that acute exposure to 10 M atRA caused changes in the shape of action potentials and a change in firing behavior in two different cell types, while then causing neurons to become silent within the first hour of exposure.
A separate experiment was next conducted to test for possible nonspecific effects of atRA on the neuronal membranes. A precursor to retinoic acid, retinol, was used to control for such nonspecific effects. Neurons were exposed to either 10 M atRA (n ϭ 7) or to 10 M retinol (n ϭ 7). There was a significant difference between the effects of atRA and retinol on both the prevalence of atypical firing activity ( Fig. 2C ) and the ability to induce cell silencing ( Fig. 2D ). These data suggest that atRA is not merely having nonspecific effects on the cell membranes.
Retinoic acid-induced changes in firing activity persist for up to 24 h. We next sought to determine whether these atRA-induced changes in firing pattern were transient or long lasting. We incubated cells for either 3 or 24 h in 10 M atRA (or 0.1% EtOH) and, following the incubation, tested the cells for their ability to produce action potentials and determined the presence of atypical firing patterns or changes in RMP.
Neurons exposed to both atRA and EtOH for 3 h were capable of firing spontaneous or evoked action potentials throughout a 30-min recording (Fig. 3A ). Furthermore, no significant difference was found in the RMP between groups [atRA: Ϫ66 Ϯ 8 mV (n ϭ 7); EtOH: Ϫ68 Ϯ 5 mV (n ϭ 9)], suggesting that the atRA-induced hyperpolarization of the RMP was a transient effect. Interestingly, six of the seven neurons exposed to atRA showed atypical firing activity after 3 h ( Fig. 3Ai ), whereas none of the cells exposed to EtOH demonstrated such atypical firing activity (n ϭ 0 of 9; Fig.  3Bi ). We next determined whether the atypical firing activity persisted for up to 24 h of atRA exposure. VF neurons were again exposed to either atRA or EtOH vehicle, but this exposure was now maintained for the next 24 h, after which the cells were impaled to obtain recordings. No significant difference was found in the RMP (atRA: Ϫ69.9 Ϯ 5.8 mV; EtOH: 72.4 Ϯ 3.0 mV; P Ͼ 0.05, t-test) or the ability of cells to fire spontaneous or induced action potentials in atRA (n ϭ 12 of 14) vs. EtOH (n ϭ 12/12; P Ͼ 0.05, Fisher exact test). Interestingly, the presence of atypical firing activity was still observed in 10 of 14 atRA-exposed neurons (Fig. 3Aii) , whereas no such atypical firing activity was observed in any of Approximately 15 min after exposure to 10 M atRA, the neuron showed action potential widening and a reduction in the afterhyperpolarization B: representative examples of atypical firing patterns seen in atRA-exposed VF cells in culture: i: normal action potential before the addition of 10 M atRA; ii: spike doublet; iii: spike triplet; iv: bursting; and v: extended plateau potential. C-D: 10 M atRA (n ϭ 7) produced significantly more atypical firing (C) and cell silencing (D) than 10 M retinol (n ϭ 7). *P Ͻ 0.05.
the EtOH-exposed neurons (n ϭ 0 of 12; Fig. 3Bii ). These data suggest that the effects of atRA on cell silencing and RMP are transient (Ͻ3 h) but that the effects of atRA in producing atypical firing activity are more persistent, lasting for up to 24 h during exposure to atRA.
To determine whether the effects of atRA in producing atypical firing activity 24 h later were due to the persistence of the atRA in the culture medium or to continued activation of retinoid-activated cellular pathways, we next conducted an experiment in which a shorter pulse of atRA was applied. The culture medium was then exchanged after 3 h of atRA exposure for one group of cells (n ϭ 12), whereas atRA incubation persisted for 24 h for the control group (n ϭ 9). Electrical recordings were made 24 h following application of atRA in both groups. We found that all cells exposed to atRA for the 24-h period demonstrated atypical firing (n ϭ 9 of 9). However, in the group that received the brief, 3 h "pulse" of atRA, only 7 of the 12 displayed atypical firing ( Fig. 3C ). Thus, following removal of the atRA after 3 h, significantly fewer cells showed atypical firing after 24 h (P Ͻ 0.05), although more than half of the cells continued to display such atypical firing.
Retinoic acid-induced changes in firing activity are dose and isomer dependent. We have previously shown that nanomolar concentrations of atRA can induce neurite outgrowth from cultured VF neurons, as well as enhance their electrical via-bility for up to 6 days in culture (Dmetrichuk et al. 2006) . We have also shown that these trophic actions of atRA are closely mimicked by the 9-cis retinoic acid isomer (9-cis RA) (Dmetrichuk et al. 2008 ). Our next aim was thus to determine both the dose and isomer dependency of these electrophysiological responses to RA. The effects of 10 M atRA were next compared with those of 1 M atRA and 10 M 9-cis RA.
Within the first hour of retinoid exposure, significantly more neurons exposed to 10 M atRA (n ϭ 16/28) showed atypical firing activity compared with the EtOH controls (n ϭ 1/25), but there was no significant increase in atypical firing activity in neurons exposed to either 1 M atRA (n ϭ 5/22) or 10 M 9-cis RA (n ϭ 0/18). More neurons exposed to 10 M atRA showed atypical firing activity compared with the same concentration of the 9-cis isomer (Fig. 4A ). Similar to the results shown above, 10 M atRA induced cell silencing in 27 of 28 VF cells 60 min after exposure, whereas 1 M atRA appeared to have no effect (0/22 cells). Only 6 of 18 VF neurons exposed to 10 M 9-cis RA showed cell silencing within 60 min of exposure, which was significantly more than the EtOH controls (1/25 silenced) but significantly less than the equivalent concentration of the all-trans isomer (Fig. 4B ). Figure 4C illustrates examples of cell responses to current injection in the various conditions, and Fig. 4D illustrates the time course for retinoic acid-induced silencing, illustrating the percentage of cells that maintained their firing over the 60-min duration of retinoic acid (or EtOH) exposure. Taken together these data show an isomer dependency, with atRA having more significant effects than the same concentration of 9-cis RA. Additionally, the retinoic acid-induced effects appeared to be dose dependent, as a 10-fold reduction in the concentration of atRA resulted in a decreased percentage of cells exhibiting atypical firing activity and cell silencing.
Retinoic acid induces significant changes in spike waveform. During the analysis of firing activity performed above, subtle changes in spike waveform such as spike broadening and reduced afterhyperpolarization were apparent (Fig. 5A ). Our next aim was thus to analyze individual action potentials to quantify changes in parameters such as rise time, decay time, and half-amplitude duration. Analysis of spike waveform 15 min after exposure to retinoid or EtOH showed that 10 M atRA (n ϭ 22) significantly increased the half-amplitude durations of VF cells, compared with either EtOH (n ϭ 22), 10 M 9-cis RA (n ϭ 16), or 1 M atRA (n ϭ 22; Fig. 5Bi ). Ten micromoles of 9-cis RA also demonstrated a significantly greater half-amplitude duration compared with 1 M atRA. By 35 min after exposure to the retinoids, their effects on the half-amplitude duration were increased (Fig. 5Bii ). For example, at 15 min of exposure to 10 M atRA, the half-amplitude duration increased to Ͼ350% of baseline, but at 35 min it further increased to ϳ700% of baseline. Additionally, the effect of 9-cis RA on the half-amplitude duration was significantly greater than EtOH controls at 35 min but not at 15 min.
Ten micromoles of atRA (but not 1 M atRA, 10 M 9-cis RA or EtOH) were also found to significantly increase decay time of the spike 15 min after application (Fig. 5Ci) . Similar results were obtained at 35 min ( Fig. 5Cii ) but were larger compared with the 15-min time point. For example, the increase in decay time in response to 10 M atRA changed from ϳ900% of baseline at 15 min to Ͼ1,600% of baseline at 35 min. Fig. 3 . Retinoic acid-induced atypical impulse activity persists for up to 24 h. A: representative examples of neurons exposed to 10 M atRA for either 3 h (Ai) or 24 (Aii) h, both showing atypical firing activity, in this case, plateau potentials. B: neurons exposed to EtOH for 3 (Bi) or 24 (Bii) h showed no such atypical firing activity. C: when a 3-h pulse of atRA was given, 7 of 12 cells continued to demonstrate atypical firing at 24 h, but this number was significantly less than cells maintained in atRA for the entire 24 h (n ϭ 9 of 9). *P Ͻ 0.05.
Ten micromoles atRA also significantly reduced the peak to peak amplitude of the spikes (to 73.0 Ϯ 3.0% of baseline, set to 100%) compared with EtOH-exposed neurons (103.1 Ϯ 6.3% of baseline; P Ͻ 0.05). This reduction in amplitude was likely caused by the reduction in afterhyperpolarization in 10 M atRA-exposed neurons, as there were no differences in the spike amplitudes when measured from RMP to peak. No significant differences were found in the rise time of action potentials compared with controls for any retinoid at either 15 or 35 min (data not shown). Furthermore, neither retinoids nor EtOH were found to have any significant effects on input resistance (data not shown).
Retinoic acid-induced effects are independent of trophic support and electrical activity. In all of the experiments described above, neurons were cultured in DM, a solution that contains only salts and essential amino acids, but no trophic factors. Previous work has shown that neurons cultured in DM in the absence of trophic support (e.g., from retinoic acid) have reduced RMPs and impaired electrical excitability by 2-3 days in vitro (Dmetrichuk et al. 2006) . Trophic support has also Fig. 4 . Dose and isomer dependency of retinoic acid-induced changes in electrical properties. A: there is a significant increase in the number of neurons showing atypical impulse activity when exposed to 10 M atRA (n ϭ 28) for 60 min than compared with EtOH (n ϭ 25), but no significant change following exposure to either 1 M atRA (n ϭ 22) or 10 M 9-cis RA (n ϭ 18). B: cell silencing induced by atRA was significantly increased in 10 M atRA and 10 M 9-cis RA-exposed neurons compared with 1 M atRA and EtOH-exposed neurons (*P Ͻ 0.05, **P Ͻ 0.01. #P Ͻ 0.05, ##P Ͻ 0.01, significant difference compared with EtOH controls). C: representative examples of cell responses to current injection (arrows) in the various conditions. D: graph showing the time dependency of cell silencing in the various conditions. been shown to alter the electrical excitability of neurons (Yamuy et al. 2000) and their ability to reform synapses with appropriate target cells (Hamakawa et al. 1999 ). Thus the atRA-induced effects observed above may have occurred due to a compromized state of the cultured neurons due to the absence of trophic support for 24 h. We next sought to determine, therefore, whether provision of trophic support would alter the atRA-induced effects on cell firing. Such provision of trophic support was provided in two different ways. First, neurons were either cultured in CM, known to Fig. 5 . Quantitative analysis of the effects of retinoic acid on action potential parameters of VF neurons. A: representative examples of VF neurons exposed to 10 M atRA (ii) and 10 M 9-cis retinoic acid (9-cis RA; iv), showing action potential widening, compared with action potentials recorded from the same cells before exposure to retinoic acid. Neither EtOH (i) as the vehicle control, or 1 M atRA (iii) had any noticeable effect on action potential shape or duration. B and C: graphs showing the half amplitude duration (B) and decay time (C) of action potentials recorded from neurons exposed to 10 M atRA, 1 M atRA, 10 M 9-cis RA, or EtOH (controls), taken as a percent of baseline (preexposure values), set at 100% (dotted line). Neurons had significantly longer action potential (AP) half-amplitude duration at 15 (Ai) and 35 min (Aii) after exposure to 10 M atRA, compared with 1 M atRA-, 9-cis RA-, and EtOH-exposed neurons. The AP half-amplitude duration of 9-cis RA-exposed neurons was significantly increased compared with EtOH controls at 35 min. Neurons had significantly longer AP decay times 15 (Bi) and 35 min (Bii) after exposure to 10 M atRA, compared with 1 M atRA-, 10 M 9-cis RA-, and EtOH-exposed neurons. #P Ͻ 0.05 and ###P Ͻ 0.001, significant difference compared with EtOH control condition. *P Ͻ 0.05, **P Ͻ 0.01, and ***P Ͻ 0.001. contain unidentified trophic factors (Wong et al. 1981) , or they were cultured in the presence of low concentrations of atRA (100 nM), previously shown to provide trophic support to VF neurons for up to 6 days (Dmetrichuk et al. 2006 ). The response of neurons to 10 M atRA was then tested in the presence or absence of trophic support.
Analysis of spike waveform at 15 and 35 min after retinoid exposure revealed that there was no significant difference in the peak to peak amplitude, rise time, half-amplitude duration, or decay time of neurons cultured in DM (n ϭ 8) compared with CM (n ϭ 10) following exposure to 10 M atRA (Table 1) . Neither the RMP nor the prevalence of atypical firing activity and cell silencing in response to acute atRA exposure was significantly different between the two groups, suggesting that providing trophic support in this manner did not alter the atRA-induced effects.
The next series of experiments tested the effects of low concentrations of atRA as trophic support. Immediately after the neurons were plated into culture dishes, 100 nM atRA (RA-conditioned) or 0.001% EtOH as a control (EtOH-conditioned) was added to the culture medium. Neurons were incubated until the following day, at which point they were acutely exposed to the higher level of 10 M atRA as performed previously. A group of neurons that did not receive preexposure to atRA or EtOH was also used as a positive control to again test their responses to 10 M atRA. No differences in either the spike waveform, presence of atypical impulse activity, cell silencing, or RMP were found between the retinoic acid-conditioned (n ϭ 11), EtOH-conditioned (n ϭ 12), and control cells (with no trophic support; n ϭ 13) following acute application of 10 M atRA (Table 1) . Taken together, these data suggest that providing trophic support, either in the form of CM (Wong et al. 1981) or low concentrations of atRA (Dmetrichuk et al. 2006) at the time of cell plating, had no significant effect on the electrical responses of the cells to acute atRA application.
In the next experiment we sought to determine whether the effects of atRA on firing patterns and spike shape were dependent on the ongoing electrical activity of the cell. If so, we would expect that in the absence of such electrical activity, either the onset of the retinoic acid-induced effects would be delayed or that the magnitude of these effects would be diminished. Immediately after application of 10 M atRA, neurons were inhibited from firing by holding the resting membrane potential between Ϫ80 and Ϫ100 mV for 30 min (described hereafter as "inhibited" neurons). After this time, neurons were released from their inhibition (to RMP) and the spike waveform was quantitatively analyzed at 35 min following retinoid exposure (or 5 min after inhibition had ended). Control cells were also exposed to atRA but were not inhibited from firing.
As shown in Table 1 , there was no significant difference in the spike waveform, or the number of neurons exhibiting atypical impulse activity in the presence of 10 M atRA, between neurons that were inhibited (n ϭ 15) and those neurons (controls) that were allowed to fire freely throughout the experiment (n ϭ 16). Inhibiting impulse activity did also not affect the time course for the retinoic acid-induced cell silencing. Seven of 15 inhibited cells and 9 of 16 control neurons were unable to fire action potentials at 35 min of atRA exposure, and by 60 min, 12 of 15 inhibited cells and 13 of 16 control cells were unable to fire. Overall, these data suggest that the ongoing electrical activity of neurons had no impact on the time course or magnitude of the effects of atRA. Interestingly however, inhibiting the neurons for the first 30 min of atRA exposure prevented the hyperpolarizing effects of atRA on the RMP. The RMP of inhibited neurons was found to depolarize from Ϫ69.5 Ϯ 4 mV (measured before atRA exposure and inhibition) to Ϫ64.6 Ϯ 2 mV (n ϭ 10; measured 60 min after retinoic acid exposure and following release from inhibition), representing a 7% decrease over the duration of the recording. In contrast, control neurons exposed to atRA, hyperpolarized from Ϫ66.8 Ϯ 8 to Ϫ77.5 Ϯ 8 mV (n ϭ 8), representing a 16% increase (P Ͻ 0.05).
Retinoic acid-induced effects occur in an isolated neurite. During the course of the experiments conducted above, a RPeD1 neuron was cultured with a long portion of its original primary neurite intact. This section of "original" neurite was sufficiently large, in this one instance, to permit complete transection of the neurite from the cell body and to then impale it with a recording electrode. Our aim was to determine whether atRA could exert its electrophysiological effects in the isolated neurite in the physical absence of the cell body (and thus in the absence of any classical transcriptional activation).
The neurite was transected and allowed to recover for 10 min (Fig. 6, A-C) , after which it was exposed to 10 M atRA. Separate electrophysiological recordings were obtained directly from the isolated neurite and from the soma, which was used as a positive control. Due to the difficulties associated with stable recording from neurites, atRA was added immedi- Values are means Ϯ SE. DM, defined medium; RA, retinoic acid; EtOH, ethanol; CM, conditioned medium. All values expressed in each column of the table represent measurements taken in response to application of 10 M all-trans retinoic acid (atRA) to visceral F (VF) neurons in culture. All values obtained for action potential parameters (peak to peak amplitude, rise time, half-amplitude duration, and decay time) were measured at 35 min after atRA exposure and are expressed as %baseline values for each cell, where baseline is 100%. Atypical firing and cell silencing are expressed as %observed and were recorded after 60 min of atRA exposure. Resting membrane potential (RMP) is expressed as the mV change from baseline, where a minus sign indicates a change in the hyperpolarizing direction, and all values in each condition were measured at 60 min following the addition of 10 M atRA and compared with preexposure values. The only significant change (*P Ͻ 0.05) was the RMP recorded in cells that were inhibited for 30 min (last column).
ately before the insertion of the electrodes into the neurite and cell body. As shown in Fig. 6D , compared with the firing pattern 5 min after atRA exposure (used as a control time point), both soma and neurite show a marked change in the firing pattern 45 min after atRA exposure. Importantly, the neurite showed atRA-induced action potential widening, the presence of atypical impulse activity, reduced afterhyperpolarization, and became silent 50 min after atRA exposure. We were then able to repeat these findings in four additional isolated neurites. The action potential waveform showed a significant increase in both halfamplitude duration and decay time by 15 min in atRA (P Ͻ 0.05; data not shown). Furthermore, all isolated neurites (n ϭ 5) became silent by 60 min after atRA addition. These data show that atRA can induce similar changes in the firing properties of isolated neurites as in a cell body, suggesting that atRA does not appear to require the presence of the soma (or nucleus) to elicit its effects.
A retinoid receptor antagonist prevents some, but not all, effects of retinoic acid. To begin to elucidate the mechanisms involved, we next tested whether the effects of atRA on cell firing might be prevented in the presence of various retinoid receptor antagonists. We added atRA to VF cells in the presence of either an RAR pan-antagonist (LE540; 1 M) or an RXR pan-antagonist (HX531; 1 M); a different group of cells were exposed to both DMSO (0.01%) and EtOH (0.1%) simultaneously, as vehicle controls. Exposure to atRA (n ϭ 17) produced a significant increase (P Ͻ 0.01) in atypical firing activity compared with EtOH in the presence of DMSO (n ϭ 11). The RXR antagonist HX531 (n ϭ 19) abolished this atRA-induced atypical firing activity, whereas the RAR antagonist LE540 (n ϭ 14) had no significant effect (Fig. 7A) . However, we found that neither of the retinoid receptor antagonists exerted any significant effect in reducing the percentage of cells silenced by atRA at 60 min of exposure (Fig. 7B ). We Fig. 6 . Retinoic acid-induced firing changes occur in an isolated neurite lacking a cell body. A: image of a cultured RPeD1 neuron with a large primary neurite attached, which was then transected from the cell body using a sharp glass electrode (B). C: ϳ10 min after transection, both the soma and isolated neurite were simultaneously impaled with recording electrodes. D: simultaneous electrophysiological recordings from both the soma (top traces) and isolated neurite (bottom traces) after exposure to 10 M atRA. Within 45 min of exposure to atRA, both the soma and neurite showed altered firing properties, displaying action potential widening, reduced afterhyperpolarization and the presence of atypical impulse activity, compared with recordings taken 5 min immediately after atRA addition to the bath. The time course of the RA-induced effects in both soma and neurite appeared to be similar. Scale bar in A-C ϭ 100 m. Similar effects were observed in 4 other isolated neurites. also examined the half-amplitude ( Fig. 7C ) and decay time (Fig. 7D ) of the action potentials at 35 min following application of atRA in the presence of the antagonists and again found that only HX531 significantly reduced the effects of atRA on these firing parameters. These data suggest that the RXR may play a role in the retinoic acid-induced changes in spiking but that the silencing effect of atRA does not appear to be mediated by the retinoid receptors.
Retinoic acid exerts similar effects on VF cells in situ. Our final aim was to determine whether neurons would respond to atRA in the same manner in the nervous system (in situ), as they did in culture (in vitro). Because neurons plated in vitro are axotomized during the process of cell culture, we performed nerve crush injuries to the CNS before applying atRA to see if such injury would alter the neuronal response to atRA. The effects of atRA (or EtOH) were thus examined in two different CNS conditions: one group received nerve-crush injury whereas the other did not (uninjured controls). As was seen in cultured neurons, exposure of VF neurons in situ to atRA significantly enhanced both the half amplitude duration (Fig. 8A) and decay time (data not shown) by 60 min, compared with EtOH controls. This effect was observed in both CNS groups and thus was not contingent on the nerve crush injury. Interestingly, however, if the cells were not impaled until 24 h after the nerve crush injury, atRA was able to induce significant effects as early as 15 min after application but only in the nerve crush injured group (Fig. 8B) . These data strongly suggest that exposure to the nerve-crush injury increased the responsiveness of injured VF neurons to atRA.
DISCUSSION
The notion that the electrical activity of neurons can modulate neurite outgrowth, nerve regeneration (Al-Majed et al. 2000) , and growth cone behavior (Ibarretxe et al. 2007; Ming et al. 2001 ) is well documented. While retinoic acid is also known to play a role in neurite outgrowth (Corcoran et al. 2000) , axon regeneration (Dmetrichuk et al. 2005) , and growth cone guidance (Dmetrichuk et al. 2006 (Dmetrichuk et al. , 2008 , very few studies, if any, have investigated its ability to alter the electrophysiological properties of neurons.
We have previously shown that retinoic acid preserves the electrical properties of VF neurons over many days in culture (Dmetrichuk et al. 2006 (Dmetrichuk et al. , 2008 . We now show here that atRA can also elicit changes in the firing properties of these same adult neurons. We characterized three main effects of atRA on electrical firing: 1) the presence of atypical firing activity such as bursting behavior, plateau potentials, and spike doublets; 2) increases in the half-amplitude duration and decay time; and 3) The retinoic-acid induced changes were dose dependent; a 10-fold reduction in the concentration of atRA (1 M) resulted in reduced atypical firing, cell silencing, and changes in spike waveform, compared with the higher dose of 10 M atRA. While concentrations of 1 M atRA (and into the nanomolar range) are typically thought to be physiologically relevant (Scadding and Maden 1994; Chen et al. 1994; Dmetrichuk et al. 2008) , exact concentrations of retinoic acid in the CNS are difficult to analyze, and often large amounts of tissue are required to detect its levels by HPLC and mass spectrometry. Furthermore, it is generally thought that retinoic acid is not ubiquitously distributed but localized to specific regions of the nervous system. It was previously estimated that atRA is present at a concentration of 0.1 M in the Lymnaea CNS, but this was the average concentration across the entire CNS. It is quite possible that local increases in concentration occur in microdomains within neural networks (such as at synapses), possibly leading to specific targeted changes in individual groups of neurons. Retinoic acid is known to establish a steep concentration gradient within developing tissue (Dolle 2009; Maden 2007) , and thus transient local areas of high concentrations of retinoic acid in adult tissue might be possible. Furthermore, the metabolic machinery required to synthesize and transport retinoic acid is dramatically upregulated following neural trauma (Zhelyaznik et al. 2003; Nagashima et al. 2009; Reimer et al. 2009 ), suggesting that retinoic acid production may be increased locally in response to injury. Interestingly, Aoto et al. (2008) demonstrated that blockade of neuronal activity increases retinoic acid synthesis in neurons, and hence the silencing actions of retinoic acid seen in our study might represent a positive feedback effect to further increase the synthesis and production of retinoic acid.
Micromolar levels of retinoids have been previously found in vivo (De Keyser et al. 1992) and are also used to elicit cell differentiation (Quenech'Du et al. 1998 ). Concentrations of 10 M retinoic acid (or higher) have previously been used in animal (Liao et al. 2004; White et al. 2007 ) and human cell (Gao et al. 1998 ) studies, without any obvious detrimental effects. However, we must consider the possibility that 10 M atRA may not occur naturally in any region of the CNS and that the effects of this concentration might represent nonphysiological responses as a result of retinoic acid toxicity (as seen in fibroblasts and keratinocytes; Varani et al. 1993 ). If so, then the findings of our study may have implications in the clinical use of retinoids, sometimes known to induce detrimental effects (Patatanian and Thompson 2008; Hull and D'Arcy 2003) . We should also consider the possibility that retinoic acid, being a hydrophobic molecule, may elicit its effects via nonspecific actions on lipid membranes. Retinoic acid at micromolar concentrations can destabilize cell membranes in rats (Tiwari et al. 2007; Meeks et al. 1981 ). However, Meeks et al. (1981) showed that all-trans and cis isomers elicited a similar level of membrane destabilization, but in our study, the effects of the all-trans and cis isomers on firing properties were significantly different. Furthermore, if atRA was merely destabilizing membranes, one might expect a similar action of its precursor retinol (at 10 M) or an accompanying change in the input resistance of neurons, neither of which occurred in our study.
It is currently not clear why retinoic acid causes a change from tonic firing to either burst firing and/or atypical firing, but such changes may be an important step in a regenerative response of neurons to retinoic acid. Interestingly, similar electrophysiological changes to those seen in our study have been reported in damaged neural tissue (Sapunar et al. 2005; McClellan et al. 2008) . For example, McClellan et al. (2008) showed that lamprey neurons change their firing from smooth trains of action potentials to short repetitive bursts following axotomy and suggest this may promote a favorable intracellular environment (reduced intracellular calcium) for neurons to regenerate. The effects of atRA on Lymnaea VF neurons were also shown in situ and we found that when a nerve crush injury was induced 24 h before application of atRA, the neurons responded to retinoic acid far sooner than in an uninjured CNS. These data suggest that nerve injury may increase the sensitivity of neurons to atRA. These findings also argue against nonspecific or toxic effects of atRA, as we would then not expect the CNS to respond differently based on injury status.
It has previously been documented that specific firing frequencies and patterns play an important role in axon guidance and altering the bursting activity of developing motoneurons Fig. 8 . atRA-exposure increases the AP half-amplitude duration of VF neurons in the isolated central nervous system (CNS). A: action potentials were recorded from VF neurons in both uninjured (n ϭ 13) and nerve-crushed (n ϭ 17) CNS for 60 min after exposure to either EtOH or 10 M atRA. The half-amplitude duration of the action potential was expressed as a percent change from preexposure values (set at a baseline of 100%). atRA caused a significant increase in half-amplitude duration of the action potential 60 min after exposure, regardless of the injury state of the CNS. B: half-amplitude duration of the action potential was recorded 24 h after a nerve-crush injury (or in CNS not injured as a control). Action potentials recorded from VF neurons showed a significant increase in the half-amplitude duration as soon as 15 min after exposure to 10 M atRA but only in the nerve-crush injured CNS (n ϭ 8 for all conditions). *P Ͻ 0.05. produces mis-guided outgrowth Landmesser 2004, 2006) . Ming et al. (2001) have also shown that the firing state of Xenopus spinal neurons impacts both sensitivity and directional responses of growth cones to specific guidance cues. As we have previously shown that retinoic acid can induce positive growth cone turning (Dmetrichuk et al. 2006 (Dmetrichuk et al. , 2008 , independently of the cell body (Farrar et al. 2009 ), it is possible that such changes in firing properties may underlie (at least partially) its role in axon guidance. It is known that growth cones contain voltage-gated K channels (Pollock et al. 2002) and that electrical activity affects growth cone behavior (Ming et al. 2001) , so it is quite plausible that retinoic acid may affect ion channels within the cell and/or the growth cone to alter growth cone direction. Indeed, exposure to retinoic acid causes changes in the ion channel densities of cultured neuroblastoma cells (Tonini et al. 1999; Arcangeli et al. 1998) , although it must be noted that these cells were actively differentiating in response to retinoic acid. Retinoic acid can also inhibit cardiac sodium channel currents in human embryonic kidney cells (Xiao et al. 1998) . The effects of retinoic acid (if any) on neuronal ion channels in mature neurons, are apparently not yet known.
Although retinoic acid generally acts at nuclear receptors to influence gene transcription during development, there is a growing body of literature that documents the ability of retinoic acid to elicit nongenomic effects in the nervous system (Farrar et al. 2009; Liao et al. 2004) . Likewise, neurotrophins, classically known for their effects on gene transcription to promote neuronal survival and outgrowth, also affect the excitability of neurons (Palmer et al. 1993 ) and exert rapid and direct actions on ion channels (Holm et al. 1997) . In Lymnaea neurons, nerve growth factor induces a dose-dependent and reversible increase in Ca 2ϩ currents within a few min (Wildering et al. 1995) . As neurotrophins clearly have short-term neuromodulatory actions in addition to their role in neuronal development and survival, we speculate that retinoic acid might also have such neuromodulatory roles. In support of this hypothesis is the demonstration that retinoic acid can also affect neurotransmitter release from presynaptic terminals (Liao et al. 2004 ) and enhance miniature excitatory postsynaptic currents (Aoto et al. 2008 ) in a nongenomic manner. Our results here indicated that the effects of atRA were manifested in as little as 15 min. This time course does not necessarily rule out the involvement of altered gene transcription, but our finding that isolated neurites also respond to atRA in the same manner as the cell body strongly suggests that atRA has the ability to elicit changes in firing properties in the absence of the nucleus.
We found that a RXR pan-antagonist significantly reduced and prevented the induction of atypical firing by atRA, whereas the pan-antagonist LE540 had no effect. We have previously shown that the Lymnaea RXR is found in neurites and growth cones of cultured Lymnaea neurons and that retinoic acid operates in a nongenomic manner via neuritically localized RXR to produce growth cone turning (Carter et al. 2010) . We have also previously shown that the RXR pan-antagonist HX531 can block the actions of atRA and 9-cis RA (Rand, 2012) . Although we have not yet performed receptor binding studies in Lymnaea, there is evidence that a locust RXR binds with similar affinity to both atRA and 9-cis RA (Nowickyj et al. 2008) . Our findings suggest that neuritically localized RXR may activate a nongenomic pathway mediating the change in firing properties and that, in some cases, this activation can result in changes that can persist for up to 21 h after removal of retinoic acid. Interestingly, the receptor antagonists did not prevent the silencing effects of atRA, an effect that was short-lived and recovered in Ͻ3 h, even in the continued presence of atRA. It is possible, therefore, that the silencing effects of atRA may represent a more direct action on cell membranes or ion channels.
In summary, these data are the first to demonstrate that retinoic acid can exert significant effects on the firing properties of adult central neurons in both a dose-and isomerdependent manner and that at least some of these effects appear to be mediated via the RXR.
